We report that lysosomotropic agents and cysteine protease inhibitors inhibited protease-resistant prion protein accumulation in scrapie-infected neuroblastoma cells. The inhibition occurred without either apparent effects on normal prion protein biosynthesis or turnover or direct interactions with prion protein molecules. The findings introduce two new classes of inhibitors of the formation of protease-resistant prion protein.
The transmissible spongiform encephalopathies (TSEs), or prion diseases, constitute a group of related neurodegenerative disorders characterized by the accumulation in the central nervous system of an abnormal protease-resistant prion protein (PrP-res), which is made posttranslationally from its normal endogenous protease-sensitive isoform, PrP-sen, by an apparent conformational alteration rather than a modification of the covalent structure (for review, see reference 5). The accumulation of PrP-res is a central event in TSE pathogenesis, because it is correlated with infectivity and neurodegeneration (4, 19) .
Recent outbreaks in younger people of new variant Creutzfeldt-Jakob disease (31) and of iatrogenic Creutzfeldt-Jakob disease by cadaveric dura grafting (1) have urged that therapies be developed for TSE diseases. One possible strategy for TSE therapy is to inhibit PrP-res formation in the infected host. Polyanions like sulfated glycans and Congo red inhibit PrP-res formation and scrapie agent replication in scrapieinfected neuroblastoma (ScNB) cells (6, 7, 9) . Tetrapyrrole compounds have been recently identified as potent inhibitors of PrP-res formation in ScNB cells and in a cell-free system (11) . Such polyanions and other classes of potential drugs, such as the polyene antibiotics and anthracycline, are also protective against scrapie in rodents when administered near the time of infection. However, these compounds have no therapeutic benefit if administered after the infection has been established (14-16, 18, 20, 29) .
We have attempted to find a new class of inhibitors of PrP-res accumulation, not only for TSE therapy, but also for elucidating the mechanism of PrP-res accumulation. In this article, we report that lysosomotropic agents and cysteine protease inhibitors inhibit PrP-res accumulation in ScNB cells and, therefore, are new classes of potential anti-TSE drugs.
The compounds used in the study were obtained from Sigma, Aldrich, or Peptide Institute, Inc. (Osaka, Japan), and were used as received. The ScNB cultures were grown in minimal essential medium supplemented with 10% fetal bovine serum as described previously (24) . Lysosomotropic agents and cysteine protease inhibitors, shown in Table 1 , were added at various concentrations to the medium of cells seeded at 5% confluent density, and the cultures were allowed to grow to confluence for 4 days. The cells were then harvested and analyzed for PrP-res content by immunoblotting as described previously (9) , except that an enhanced chemifluorescence reagent (JBL Scientific, Inc.) and a Storm PhosphorImager instrument (Molecular Dynamics) were used for visualizing and quantifying the PrP-res signals on the blots. Both the concentration of a compound giving 50% inhibition of PrP-res accumulation relative to the control (IC 50 ) and the maximal concentration of a compound that does not affect the rate of cell growth to confluence were estimated from three independent experiments.
Among the compounds tested here, quinacrine and E-64d had better IC 50 s of 0.4 and 0.5 M, respectively. E-64d did not show toxicity to cell growth at concentrations up to 100 M, although quinacrine inhibited cell growth at more than 2.0 M ( Table 1 and Fig. 1 ).
To control for the possibility that these effects were a result of artifactual interference with the detection of PrP-res, quinacrine or E-64d was added at 50 M (about 100-fold higher than the IC 50 ) to cell lysates before the addition of proteinase K (PK) and further processing for the detection of PrP-res. No effect on the PrP-res immunoblot band intensity was observed in comparison with that of untreated control cell lysates (Fig.  1A , lanes Q and E), indicating that neither quinacrine nor E-64d interfered with the PrP-res detection.
Because phospholipase-sensitive, cell surface PrP-sen is the precursor of PrP-res (3, 8) , it was possible that the inhibition of PrP-res accumulation by these compounds could be due indirectly to an effect on PrP-sen metabolism. To investigate the specificity of the inhibition of PrP-res accumulation, we tested quinacrine and E-64d for effects on the metabolic labeling of cellular proteins and on the biosynthesis and turnover of PrPsen. The [
35 S]methionine labeling of the cells and the immunoprecipitation of total 35 S-PrP-sen were performed as described previously (9) . For the cell surface PrP-sen detection, PrP-sen was immunoprecipitated from media treated with phosphatidylinositol-specific phospholipase C (PIPLC) to release pulse-35 S-labeled PrP-sen from the cell surface as described previously (9) . Quinacrine and E-64d were maintained at 1.5 and 15 M, respectively, in the labeling media of all but the control cells.
As shown in Fig. 2 , little difference either in the overall profile of 35 S-labeled proteins in the cells or in the whole or cell surface 35 S-PrP-sen band intensities was observed. Thus, the inhibition of PrP-res accumulation by these compounds was not a result of effects on the protein biosynthesis in general or on the metabolic labeling and turnover of PrP-sen in particular.
Previously reported PrP-res inhibitors, such as sulfated polyanions, Congo red, and tetrapyrrole compounds, appear to inhibit PrP-res formation by direct interactions with PrP molecules (6, 7, 9, 11) . To study whether the lysosomotropic agents and cysteine protease inhibitors inhibit PrP-res formation in a similar manner, the effects of quinacrine or E-64d on PrP-res formation were examined in a highly specific, cell-free conversion reaction. PrP-res isolated from scrapie-infected hamster brain tissue was used to induce the conversion of immunoprecipitated hamster 35 S-PrP-sen to 35 S-PrP-res. Conversions in the absence or the presence of guanidine hydrochloride (GdnHCl) were performed as described previously (11) .
Quinacrine or E-64d was added at 2.5 mM (about 5,000-fold higher than the IC 50 in ScNB cells) to the conversion reaction mixture containing 100 ng of PrP-res and 20 kcpm (about a 3.3-ng equivalent) of 35 S-labeled PrP-sen in a total volume of 20 l. No effect on the PrP-res formation in conversion reactions either with or without GdnHCl was observed in comparison with that in control conversion reactions (Fig. 3) , indicating that neither quinacrine nor E-64d inhibited the PrP-res formation directly.
The findings in this article suggest that the lysosomotropic agents and cysteine protease inhibitors prevent PrP-res formation indirectly or reduce the PrP-res metabolic half-life, rather than either affecting normal PrP metabolism or blocking direct interactions of PrP molecules. Studies with ScNB cells have shown that the conversion from PrP-sen to PrP-res occurs at the plasma membrane or along an endocytic pathway to the lysosomes (8, 10) and that PrP-res appears to accumulate in the secondary lysosomes (23) . Sulfated glycosaminoglycans (GAGs) especially heparan sulfate GAG, may play an essential role in the PrP-res formation or stabilization (9) . Considering these findings, the following possible mechanisms of PrP-res inhibition by the lysosomotropic agents and cysteine protease inhibitors can be envisioned.
One possible mechanism is competitive inhibition of GAG- PrP interaction by the formation of insoluble GAG or of GAG-drug complexes. Most of the compounds tested here are known to cause lysosomal storage of insoluble sulfated GAG or GAG-drug complexes (13, 17, 22, 32) . Another possible mechanism is unfolding of PrP-res by accumulated chaperonelike factor or factors, whose degradation in the endosome or lysosome is blocked by the compounds. An example of such a phenomenon would be the observation that yeast Sup35 is converted into the yeast prion-like factor [psiϩ] with the help of chaperone hsp104, but [psiϩ] is refolded into normal Sup35 and its amount is reduced by overexpressed hsp104 (12) .
Another possible mechanism is destabilization of PrP-res conformation by an alteration of lysosomal pH. Some of the lysosomotropic agents are known to cause an increase in lysosomal pH (26) . PrP molecules can be converted into a betasheet-rich form reminiscent of PrP-res by mild acidification (28, 33) , indicating that acidic pH conditions may be important for PrP-res formation. However, a previous study (10) found that another lysosomotropic amine, NH 4 Cl, partially blocked the N-terminal truncation of PrP-res, but did not inhibit its formation under conditions similar to those used in the present study. This observation suggests either that elevation of lysosomal pH alone is not sufficient for inhibition of PrP-res formation or that quinacrine, tilorone, chloroquine, and suramine have more profound effects on lysosomal pH than NH 4 Cl. Drug pharmacokinetics, side effects, toxicity, and delivery to the target organ are important therapeutic parameters. Some of the compounds tested herein are used in clinical medicine or are known to have medical applications. E-64d or E-64 derivatives were used and showed definite improvement in experimental animals with dystrophic myopathy or glomerulonephritis, in which increased activities of cysteine proteases are involved in pathogenesis (2, 21, 27, 30) . These compounds were also used in humans in therapeutic trials for treatment of progressive muscular dystrophy, although clinical application of the compounds failed to prove the effects on the patients (25) . An ability to penetrate the blood-brain barrier is expected to be helpful, because the central nervous system is a target organ where most of the PrP-res accumulates and TSE pathogenesis occurs. However, data on the penetration of the bloodbrain barrier by these compounds are limited.
In conclusion, we have demonstrated that lysosomotropic agents and cysteine protease inhibitors block PrP-res accumulation in ScNB cells. The most potent of these compounds were quinacrine and E-64d. The inhibition was not caused by interference with the biosynthesis or turnover of PrP-sen and was not a result of direct interactions with PrP molecules. (9) and then incubated in chase medium for the indicated chase time. The total lysate proteins were methanol precipitated from the detergent lysates of the cells and were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The quinacrine-treated flasks (lanes Q) and E-64d-treated flasks (lanes E) were treated identically, except that the preincubation, pulse, and chase media contained 1.5 M quinacrine and 15 M E-64d, respectively. Equal flask equivalents were loaded onto all lanes in each panel. The positions of molecular mass markers are designated in kilodaltons on the right. (B) PrP-sen was isolated from the total lysate proteins by immunoprecipitation as described previously (9) and was analyzed by SDS-PAGE. (C) PrP-sen was immunoprecipitated from the medium treated with PIPLC as described previously (9) . Quinacrine or E-64d was included in all media, starting with the preincubation, except in the case of the control cells. FIG. 3 . Lack of effect of quinacrine or E-64d on PrP-res formation in the cellfree conversion reactions under GdnHCl-containing (ϩGdnHCl) or GdnHClfree (ϪGdnHCl) conditions. 35 S-PrP-sen was incubated with unlabeled PrP-res in the absence (lanes C) or the presence of 2.5 mM quinacrine (lanes Q) or E-64d (lanes E) as described previously (11) . One-tenth of the reaction mixture was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis without PK digestion (ϪPK), and the remainder was digested with PK (ϩPK). The designations 1 and 2 correspond to duplicate experiments. Controls containing no unlabeled PrP-res in the reaction mixtures are shown in lanes N. The positions of molecular mass markers are designated in kilodaltons on the right.
